A grating-assisted-cylindrical-resonant-cavities (GARC) interlayer coupler made of Si∕SiO 2 is designed and simulated to achieve efficient and broadband interlayer coupling. This coupler consists of three cylindrical resonant cavities: two waveguide cavities in the horizontal direction and one cylindrical via cavity in the vertical direction. The resonant strengths of the two cylindrical waveguide cavities are enhanced by circular Bessel-function-defined gratings and distributed Bragg reflectors. The interlayer coupling efficiency of this Si∕SiO 2 GARC coupler is simulated as η c 68%−1.7 dB for transverse electric polarization at 1.55 μm wavelength, which is generally higher than those of conventional rectangular silicon-on-insulator gratings with additional features such as reflectors, overlayers, chirped periods, dual gratings, etc. The GARC couplers are predicted to have favorable attributes compared to previous couplers, including wider operational bandwidth (δ λ,1 dB 270 nm), larger tolerance to inplane misalignment (2 μm for 1 dB extra loss), easier grating patterning (wider grating ridges), smaller footprint (20 μm in diameter), and more flexible choices of interlayer distances (2-5 μm). A sensitivity analysis is also provided as a guide in fabrication. In general, it is found that the vertical dimensions of the GARC couplers need to be carefully controlled while the horizontal dimensions are less critical.
INTRODUCTION
2.5D and 3D integrated circuit (IC) technologies [1, 2] have become increasingly important in the fields of high-performance computing [3] , parallel image processing [4] , 5G wireless communication [5] , etc. The use of optical links together with electrical links provides promising solutions to increase signal bandwidth and reduce power consumption. The emergence of 3D integrated photonics [6] offers opportunities for denser and more complex network designs without the problems of waveguide crossings and crosstalk. The successful demonstration of 3D photonics relies on the performance of interlayer optical couplers, and thus designing high-efficiency interlayer couplers becomes an unavoidable task. Conventionally, the interlayer optical connectivity is achieved by using 45°mirrors, evanescent couplers, or diffraction gratings. 1D or 2D rectangular waveguide gratings have been extensively studied to date because they can achieve relatively large interlayer distances, and their planar geometries make them compatible with IC wafer-scale fabrication and testing. Increasing the diffraction efficiencies of rectangular gratings is essential to reduce the coupling loss, and the most effective approaches have been choosing materials with large refractive index contrast, e.g., silicon-on-insulator (SOI), and engineering the grating period, etch depth, and fill factor [7] , fundamentally changing the diffraction behavior. However, further efficiency improvement into the desired diffraction direction continues to be a challenge due to the presence of substrate leakage loss, backreflection, and forward transmission (Fig. 1 ). These problems have been mitigated by applying poly-Si overlayers (to enhance directionality) [8] [9] [10] , asymmetric profiles (to enhance directionality) [11] , distributed Bragg reflectors (DBR) or metal reflectors (to reduce substrate leakage) [12] [13] [14] [15] [16] , apodized or chirped gratings (to reduce backreflection) [17] , inplane grating reflectors (to reduce forward transmission) [18, 19] , a dual-grating layer [20, 21] , and novel subwavelength structures [22] [23] [24] [25] [26] [27] [28] . Some reported rectangular SOI gratings are summarized in Table 1 . It is observed that narrow grating ridges (∼100 nm) are required to achieve relatively high efficiencies (>70%), and such gratings need to be patterned using high-resolution fabrication techniques, e.g., e-beam lithography. The methods used to increase the directionality, e.g., depositing overlayers or applying reflectors, also add complexity to the fabrication process. Apart from the fabrication difficulties, grating assembly poses additional challenges to photonics integration and packaging processes because rectangular grating couplers are very sensitive to misalignments [29] . All these issues regarding resolution, directionality, and misalignment originate from the Floquet and Bragg conditions, which rectangular gratings must inherently follow.
In the present work, we are proposing a fundamentally different approach, the Si∕SiO 2 grating-assisted-cylindricalresonant-cavities (GARC) interlayer coupler, to achieve efficient and broadband interlayer coupling. The previous Si 3 N 4 ∕ SiO 2 coupler reported in [30] consists of a pair of circular gratings together with a high-index via. In this work, we further develop this concept and provide a new Si∕SiO 2 -based design. The high-index via plays a significant role as a cylindrical resonant cavity in the vertical direction, and the GARC coupler thus benefits from the large increase of the resonant optical field introduced by the cavity. In addition, the outer circular gratings serve as DBRs, forming another set of resonant cavities in the horizontal direction and enhancing the fields that are modulated by the inner circular gratings. Field transport between waveguides and the via is achieved based on evanescent coupling. Since the circular gratings are defined by the inplane interference instead of the Floquet condition of rectangular gratings, relatively wide grating ridges can be used. Furthermore, it is not necessary to incorporate adjacent-layer reflectors because there are no propagating fields in the substrate. At 1.55 μm wavelength, the simulated interlayer coupling efficiency η c for an optimized Si∕SiO 2 GARC coupler is 68% by using a range of resolutions (see Appendix A). For a general perspective on the coupling performance of existing SOI rectangular grating couplers, Table 1 is presented. These results are typically obtained from 2D simulations. Figure 2 shows values of a number of key parameters as they have developed over time. It is observed that the GARC coupler has a relatively high efficiency, a very wide bandwidth, and a large minimum feature size. The most significant benefit of the GARC coupler is perhaps the wide spectral bandwidth (δ λ,1 dB 270 nm), which cannot be achieved by conventional rectangular gratings. The GARC couplers also demonstrate many advantages such as CMOS compatible fabrication, flexible choices of interlayer separation, and high misalignment tolerances. To the best of the authors' knowledge, this is the first treatment of combining circular resonators in both horizontal and vertical directions to achieve interlayer coupling. Here we discuss material selection, design optimization, and sensitivity analysis. Figure 3 shows the GARC coupler in which relatively highindex waveguides and a via are configured to couple optical signals between layers otherwise separated by an air gap. This structure can be implemented between two separate overlaid chips or embedded within an interconnected stack of chips. In the second case, the air gap can be filled with SiO 2 , which will cause only small changes to the overall design. Transverse electric (TE) polarization (H z , H r , H θ , E r , E θ ) is considered for demonstration. GARC couplers for the transverse magnetic (TM) polarization (E z , E r , E θ , H r , H θ ) follow the same design process except that the TM guided-mode propagation constant β is used, and relative permittivity is introduced to determine the grating ridges; e.g., for a 0.22 μm thick air∕Si∕SiO 2 waveguide, β 11.371 μm −1 for the TE polarization whereas β 7.5996 μm −1 for the TM polarization. For the TE polarization, the E θ field in the circular slab waveguide is of primary importance because it is tangent to the cylindrical wavefronts whose interference will determine the grating ridges. In the limiting case where the radius of the circular slab is infinite, the cylindrical wavefront becomes planar and the E θ field can be treated as the E y field of a typical rectangular slab waveguide that supports TE modes (E y , H x , and H z ). The necessity of the via, which is used for evanescent coupling, and the definition of the circular grating, which is based on the interference conditions, are explained in our previous work [30] . Figure 4 shows the cross-sectional views of the optimized Si∕SiO 2 GARC coupler. The parameters indicated in Fig. 3 for the optimized GARC are summarized in Table 2 . Full-wave simulations were performed using MEEP 3D finite-difference time-domain (FDTD) [37] . A TE-polarized Gaussian pulse with free-space wavelength 1.55 μm and temporal width 33 fs is launched into the fundamental mode from the top slab waveguide, and 68% of the input power is coupled into the bottom slab waveguide (η c 68%, which is calculated as the ratio of the output power from the GARC coupled into the bottom waveguide to the corresponding output power from a uniform waveguide without the GARC). The single-layer efficiency of the GARC is approximated as η s ffiffiffiffi η c p 82%.
OPTIMIZED Si∕SiO 2 GARC COUPLER
The via and waveguides are made of Si. The grating is etched into the Si circular waveguide and filled with SiO 2 . The low-index layer, made of SiO 2 , is sandwiched between the grating and the via. Note that the stacking sequence is different from that of the Si 3 N 4 ∕SiO 2 GARC coupler [30] , in which the grating is etched into the via, and the low-index layer is located between the waveguide and the grating. The stacking sequence depends on the longitudinal field distribution in the waveguide. In the Si∕SiO 2 waveguide, the refractive index contrast is larger, and the longitudinal field is more confined in the waveguide core, leaving a short evanescent tail in the cladding or the low-index layer. To perturb the field in the circular waveguide, the grating needs to be etched into the waveguide. The etch depth should be shallow to reduce backreflection into the input taper. By contrast, the index difference is small in a Si 3 N 4 ∕SiO 2 waveguide, and, thus, the longitudinal field extends further out of the waveguide core. A grating layer adjacent to the waveguide is sufficient to perturb the field, while an etched grating may induce too much backreflection. This difference is illustrated in Fig. 5 . The efficiency has increased from 41% for the Si 3 N 4 ∕SiO 2 coupler to 68% for the Si∕SiO 2 coupler due to a stronger field confinement in the Si via.
As shown in Fig. 6 , the circular grating ridges are defined by using p 2, s 3, and t 2 according to [30] . The minimum grating ridge widths of the optimized Si∕SiO 2 GARC coupler is 553 nm (Λ inner 1.106 μm) for the inner grating and 415 nm (Λ outer 830 nm) for the outer grating. If the parameters p s t 1 are used, the inner and outer grating ridge widths will be 276 nm and 138 nm, respectively, which would be more difficult to photo-define. The grating ridge widths can be further increased by using larger integer values of p, s, and t if the coupler footprint permits. The flexibility to define circular gratings based on the interference conditions circumvents the difficulty of writing narrow grating ridges, which are inevitable in traditional rectangular gratings. The grating etch depth is 40 nm, which has been optimized using parameter sweeps.
As discussed in [30] , the circular grating is defined according to the Bessel function J 1 βr [38, 39] , whose oscillation period is larger near the origin and becomes smaller at larger radial distances r. However, at large argument r, J 1 βr can be approximated as cosβr, which is periodic. The inner circular grating (smaller r) should strictly follow the Bessel function J 1 βr, but the outer circular grating (larger r) can be treated as periodic and defined according to cosβr. This can be observed from Table 2 where the period Λ is more uniform for the outer circular grating. This phenomenon will become more obvious when the circular grating is larger, e.g., the Si 3 N 4 ∕SiO 2 coupler in [30] . The method to define the circular grating based i a All references except [16] describe fiber-to-grating couplers. The column labels represent Si waveguide thickness (t Si ), grating period (Λ), grating etch depth (t g ), grating fill factor (F ), grating line resolution (δ), grating length or dimension (L), single-grating efficiency (η s ), working wavelength (λ), and 1 dB or 3 dB bandwidth (1 dB/3 dB). CP, AP, and DE represent chirped grating period, apodized fill factor, and double etch depths/widths, respectively. Research Article on Bessel functions does not contradict common circular grating designs used as laser cavities, e.g., [40] [41] [42] , etc., in which strictly periodic circular gratings are used. For example, in [40] , the laser cavity consists of a uniform disk in the center (radius 5 μm) surrounded by circular Bragg reflector (from r 5 μm to 60 μm). The central disk, where the pump medium is located, circumvents the necessity of the grating definition, while the radial locations for the circular Bragg gratings are large enough such that the gratings can be treated as periodic.
The diameter of the inner circular grating D inner , the width of the rectangular slab waveguide W , and the taper half-angle α affect the determination of the via height d or, equivalently, the interlayer separation. The via diameter is the same as D inner . Figure 7 shows the H z field of the GARC coupler with five different taper half-angles. The angle 0.5 rad is the limiting case in which the taper side length equals R outer D outer ∕2. The parameters d 2 μm, D inner 14.08 μm, and W 10 μm are the same for all cases. The smaller the taper halfangle, the longer the input taper (the entire taper is not shown for α 0.1 rad to 0.3 rad). It is observed that the "destructive interference region (DIR)" (indicated by the dashed arrow), the null field in the input taper due to destructive interference of input field and backreflected field, moves inward from the outskirts of the circular grating as taper half-angle increases. Once the input field reaches the inner grating, the field will be evanescently coupled to the high-index via and propagate at the angle ϕ tan −1 γ Si ∕β 35.5°. Note that not all of the field is coupled into the via; instead, a portion of the input field still propagates in the slab waveguide with an approximately exponential-decaying intensity due to the presence of the low-index layer. The obliquely propagating field in the via will be reflected from the bottom circular grating and then obliquely propagate upward with the angle π − ϕ. Eventually, most of the reflected field will constructively interfere at the top grating, forming a "constructive interference region (CIR)" indicated by the solid arrow. It is desired that the CIR and DIR be located symmetrically about the grating center and both regions be located within the inner grating, e.g., Fig. 7 (e.1) . This symmetry ensures that another set of CIR and DIR, whose locations are interchanged, is formed at the bottom grating, e.g., Fig. 7 (e.3) . In other words, inversion symmetry about the center of the via has been achieved, and the structure exhibits reciprocal behavior. Thus, α and W determine the location of the DIR; D inner restricts the location of the CIR and DIR; and d controls the location of the CIR and the effectiveness of the vertical resonator. The spectral response of the optimized Si∕SiO 2 GARC coupler specified in Table 2 is shown in Fig. 8 . Higher-order modes in the transverse direction (xy plane) will typically be excited in the slab waveguide (also true for the slab waveguides connected to rectangular gratings). To suppress the higher-order modes in the transverse direction, waveguide tapers can be added to gradually narrow the width (W ) of the slab waveguide down to that of the ridge waveguides (W r ). This is particularly important in photonic circuits that use ridge waveguides, which are evanescently coupled to ring resonators or to interferometers, etc. To suppress the higher-order modes in the output slab waveguide of the GARC, a waveguide taper with taper halfangle 0.1 rad can be used to couple the slab modes into a ridge waveguide with width 0.5 μm (Fig. 19 in Appendix B) , and the resulting spectral response curve has correspondingly fewer oscillations and reduced efficiency due to the removal of higher-order modes. The coupling efficiency could be further improved by optimizing the taper angle and length. This has not been done in the present work. Since rectangular gratings are typically analyzed using 2D simulation (infinite in the y direction), those efficiency calculations do not include this tapering effect. Nevertheless, the efficiency of the GARC remains relatively high even if a taper is included (η c 55%, η s 74% at 1.55 μm). Compared to traditional rectangular grating couplers [43] , the spectral bandwidth δ λ of the GARC coupler is much wider. The 1 dB bandwidths for η s and η c of the GARC coupler are about 270 nm (for η s > 0.67) and 170 nm (for η c > 0.57), respectively. The quality factor can also be approximated from the spectral response as Q λ c ∕δ λ,3 dB 1.55∕0.3 5.2, where δ λ,3 dB 300 nm indicates the 3 dB bandwidth or FWHM. Owing to the field leakage into the waveguides, the via cavity is not a strong resonator, but it still provides field enhancement.
SENSITIVITY ANALYSIS
The optimized couplers may not be fabricated and assembled precisely as designed. Using 3D FDTD, we have analyzed the effects of translational misalignments, layer thickness changes (e.g., grating etch depth, via height, etc.), grating ridge variations, and via taperings. Figure 9 (a) shows the effect of translational shift of the bottom waveguide with respect to the via in the y direction (the axes are shown in Fig. 3 ), assuming the circular gratings are exactly defined in the circular waveguides on both layers and the top circular waveguide is exactly aligned to the via. Since the GARC coupler is symmetric about the xz plane, the efficiency changes for the positive and negative shifts are identical. A misalignment tolerance of 2 μm causes about 1 dB excess loss for the GARC interlayer coupling efficiency, which is about the same amount of tolerance as for an SOI apodized grating coupler reported in [44] . The effect of the shift in the x direction is shown in Fig. 9(b) . Shifting in the positive x direction has a larger effect on the efficiency than shifting in the negative x direction, something that can be explained with the illustration in Fig. 10 . The shaded yellow region indicates a relatively high-power region in the via. When the bottom waveguide is shifted in the −x direction, the high-power region and the low-power region on the bottom waveguide are approximately located at the predesigned CIR and DIR, respectively. By contrast, the high-power region and low-power region interchange their locations when the bottom waveguide is shifted in the x direction, violating the light reciprocity and thus inducing a relatively larger power loss. Rotational misalignment, which is particularly detrimental to the rectangular gratings, is not likely to occur in the GARC structure due to the presence of the via, which offers a mechanical support between layers.
The effect of varying via height d on the GARC coupler efficiency is shown in Fig. 11 . It is observed that the efficiency is sensitive to via height changes. Nevertheless, the layer thickness could be closely controlled during the deposition process, and the optimal via height could be achieved without significant difficulty. Since the via functions as a cylindrical resonant cavity, the resonant wavelengths in the via are [45] λ lm 2π ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
where l and m indicate the resonant mode order in the radial (r) and longitudinal (z) directions, respectively, ω l is the l th zero of the function J 0 1 x, R 7.0413 μm is the radius of the via, and (a) (b) Fig. 9 . Effect of translational shift in the (a) y direction and the (b) x direction for the optimized Si∕SiO 2 GARC coupler specified in Table 2 and that of an apodized SOI grating coupler reported in [44] .
d is the via height. Since the GARC coupler is designed for the free-space wavelength λ 1.55 μm, the resonance wavelength in the Si via is λ lm λ∕n Si , which can be achieved using various sets of l, m, and d . The via height d at the (l ,m)th resonance can be found from Eq. (1), and some results are shown in Table 3 . Since the radius of the cylindrical cavity is fixed at R 7.0413 μm, the resonance mode order l in the radial direction can be approximated as
where λ r is the radial component of λ lm (λ r 2π∕ β 0.5526 μm). Thus l is approximated as 26, resulting in the most prominent resonance in the cavity. The highlighted d values in Table 3 , calculated using l 26, correspond to the peaks in Fig. 11 . Even though the via heights 1.6 μm and 3.1 μm lead to higher coupling efficiency (80% and 75%, respectively), the via height 2 μm is chosen in consideration of fabrication feasibility and device performance. On one hand, it may be challenging to deposit more than a 2 μm-thick Si via using conventional low-pressure chemical vapor deposition without sacrificing deposition speed and layer uniformity.
On the other hand, interlayer separations less than 2 μm may induce optical crosstalk between two layers, thus degrading the overall 3D interconnection. The case d 2 μm has a longer coupling time (1.32 ps, temporal bandwidth δ t 0.76 THz) than d 3.1 μm (0.83 ps, δ t 1.21 THz) due to a stronger resonance. Nevertheless, the GARC couplers would be fast enough to satisfy terahertz communication requirements. In the case of coupling between layers separated by an air gap, the GARC coupler could be divided into two parts for easier fabrication, one being the top waveguide and the via, the other being the bottom waveguide. Here we analyze the effect of vertical gaps between the two parts, assuming the via height is exactly 2 μm as designed. As shown in Fig. 12 , the efficiency drops in an oscillating and exponentially decaying fashion. Since the power in the via is evanescently coupled to the bottom waveguide, it is expected that a large gap, e.g., δ d > 200 nm, will prevent the coupling. For δ d < 200 nm, power can be coupled to the bottom waveguide, but it is modulated by interference, just as in the cases of changing via height. From this analysis, we can see that the gap between layers of the GARC coupler is detrimental to the coupling, and it should be avoided. Therefore, ideally, the GARC structure should be grown layer by layer in a bottom-up approach.
Keeping the interlayer separation d at 2 μm, the effect of changing the thickness of the SiO 2 thin layer, t thin , is shown in Fig. 13 . The resonance in the via is weaker for smaller t thin , while evanescent coupling is prohibited for larger t thin , both resulting in lower coupling efficiency.
The effect of changing the grating etch depth t g and changing the outer grating ridge definition (values of s and t) are also explored. As shown in Fig. 14 , the efficiencies drop rapidly for t g > 80 nm due to significant backreflection from the circular grating into the input waveguide taper. The oscillations in the efficiencies are again due to interference effects (e.g., in the range t g ∈ 10, 80 nm). The efficiency plots of Research Article the GARC coupler with s 3 and t 2 coincide with those of the GARC coupler with s 1 and t 1, meaning that the two grating reflectors work equivalently. The values s 3 and t 2 are chosen because they result in wider grating ridges. To reduce fabrication difficulty, the inner and outer grating etch depths are kept the same; that is, t gi t go t g . For analysis, varying the etch depths of the inner and outer grating separately offers a better understanding of the effects of circular gratings and the resonant cavity. Figure 15 shows the efficiency change with respect to the variation of inner grating etch depth t gi for three outer grating etch depths t go 40 nm, 110 nm, and 220 nm. At t gi 0, the inner circular grating is absent, and the interlayer coupling efficiency is 20-30%. The reason is that the field in the inner circular slab waveguide, which is launched from the input taper, is not modulated, and the field pattern is not symmetric about the circular waveguide center. As a result of the asymmetry, the field does not constructively interfere, even though the outer circular grating forms a resonant cavity. As the inner grating depth increases, the index contrast becomes larger and so does the field modulation. The curves for the three outer grating depths have similar trends, but coupling losses are higher for larger t go possibly due to stronger backreflection. The highest coupling efficiency for the three cases t go 40 nm, 110 nm, and 220 nm are all obtained at t gi 40 nm. It can be concluded that, first, the shallow etch depth is necessary to achieve high coupling efficiency, and second, there is no benefit in defining different etch depths for the inner and outer circular gratings.
Furthermore, varying the grating ridge is another factor to consider. In the simulation, ridge locations with four-decimalplace accuracy are employed. However, it is not realistic to achieve such degree of accuracy in fabrication. Keeping the other parameters unchanged, we simulate a GARC coupler with a strictly periodic 0.55 μm inner grating ridge/groove width and 0.41 μm outer grating ridge/groove width, and the interlayer coupling efficiency is simulated as 65%, which is 4% smaller than the optimized GARC coupler specified in Table 2 . The reason is that the uniform inner grating does not follow the radial field distribution described by the first-order Bessel function. Although it is common practice to use a strictly periodic grating, the Bessel-function-defined periods used here are shown to provide better performance. The tapering effect of the via is also investigated. During the etching process, the side wall of the cylindrical via may not be exactly vertical. The effect of via radius change δ r is shown in Fig. 16 . Two scenarios are investigated: the via may be either tapering up or tapering down depending on the fabrication process. In either case, the narrow end of the via has a change of δ r (a negative value) compared to the wide end whose radius is set as a fixed value R 7.0413 μm. The plots are symmetric about the axis at δ r 0, indicating a perfectly vertical side wall. This is reasonable because of the 180°rotational symmetry of the GARC structure and light reciprocity. The efficiencies exhibit moderate increase for jδ r j < 2 μm (28% change relative to R), possibly due to a stronger field confinement at the narrow taper end. However, further radius decreases will violate the radial resonance condition in the via, thus inducing large coupling loss. As a result, tapering effect should be controlled within 2 μm radius deviations. Nevertheless, a tapering effect with more than 28% radius decrease is unlikely to occur.
Lastly, the GARC coupler is polarization dependent. The optimized GARC coupler for the TE polarization is not effective for coupling a TM polarized guided mode, and the coupling efficiency for TM polarization is η c 20%. The reason is that the interference condition designed for the TE polarization does not satisfy the TM guided mode. On one hand, the radial propagation constants for the two polarizations are not the same, resulting in a different interference condition in the radial direction. On the other hand, the longitudinal propagation
are also different, causing different resonant conditions in the vertical cavity. Silicon exhibits a weak second-order nonlinearity χ 2 due to its centrosymmetry diamond lattice, and most of its nonlinear effect comes from the third-order χ 3 ; this is typically exploited using Si wires with small cross-sections (<0.1 μm 2 ) [46] . Thus, the Si∕SiO 2 GARC couplers with the optimized design are unlikely to be affected by the nonlinear effects.
GARC COUPLER DESIGN FLOW
It is noted that the GARC coupler design provided in this paper is not the only high-efficiency design. By properly choosing the sizes of the resonant cavities, various interlayer distances d and coupler radii R can be achieved. A design flowchart is provided in Fig. 17 to accommodate various potential structure requirements. The zeros of Bessel function J 0 1 x and the fundamental propagation constant β can be precalculated. Given the minimum grating period Λ min , the parameters p, s, and t, which correspond to grating ridge widths, can be determined. The targeted interlayer distance and via radius are set as the initial values d i and R i , respectively. The updated values, d f and R f , will be determined by the initial values as well as by Eq. (1). The loop will be terminated if jd f − d i j < tol, where tol is the tolerance. If the via radius is more critical, the decision point should be jR f − R i j < tol, and the process can be accordingly modified. After d f and R f are obtained, FDTD can be used to finely tune the parameters (α, t g , t thin , and d f ) involved in the GARC model, because the GARC coupler is more complex than a single cylindrical resonant cavity defined by Eq. (1).
DIFFERENCES BETWEEN THE GARC COUPLER AND FOCUSING GRATING COUPLERS
Focusing grating couplers, whose rulings are curved, have been reported to achieve efficient fiber-to-grating coupling [47] [48] [49] . These curved gratings, even though similar in shape to the circular gratings used in the GARC coupler, are based on a fundamentally different concept. The curved gratings are defined by the interference of two focusing beams (Beam 1 and 2) [47] . By directing Beam 1 toward the defined grating, Beam 2 can be generated, and vice versa. Similarly, the curved gratings used in [47, 49] are formed by the interference between an incident beam in the air, either a plane wave or a focusing beam, 
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and a focusing wave in the waveguide. As a result, an externally incident wave, e.g., beam from the fiber, can excite the guided focusing wave, thus achieving the fiber-to-waveguide coupling. The focusing grating couplers defined by external and guided wave interference achieve fiber coupling to ridge waveguides. On the other hand, the circular gratings used in a GARC coupler are defined by an internal cylindrical wavefront in the cylindrical cavity, and no external beams are involved.
SUMMARY AND CONCLUSION
A vertical interlayer coupling structure (GARC) that uses circular gratings and a high-index via has been designed. A Si∕SiO 2 GARC coupler is optimized to achieve 68% interlayer coupling efficiency (approximately 82% single-layer efficiency). The coupling structure is compact (20.72 μm), broadband (δ λ,1 dB 270 nm), and relatively straightforward to fabricate due to the wide grating ridges and the absence of adjacent-layer reflectors. The GARC coupler performance is less sensitive to variations in grating ridge width, but it is more affected by the vertical layer thickness, e.g., grating etch depth and via height. However, compared to the horizontal feature definition, vertical layer thicknesses are more easily controlled by regulating the deposition process. The GARC coupler is similar in principle to a Fabry-Perot resonator. Thus, it is conceivable for it to operate as an amplifier if it is doped with a rare-earth element or to operate as a modulator together with electro-optic materials. Overall, the GARC structure represents a promising candidate for optically interconnecting layers in 2.5D and 3D IC technologies [1, 2] .
APPENDIX A: EFFECT OF RESOLUTION ON EFFICIENCY CALCULATIONS
Interlayer coupling efficiency of the GARC coupler was simulated using the MEEP 3D FDTD software package. This was done for a range of resolutions from 19 to 35 pixels/μm. From these calculations, the efficiency displayed an oscillating and converging trend, as shown in Fig. 18 . This behavior is typical and due largely to the effects of the finite pixel size and the slight mismatches between the computational grid and the device structure. Subpixel averaging, a process to assign carefully designed average values of the permittivity ε to pixels at the structural boundaries [50] , may also occur to give more stable results. As seen from the figure, the efficiency at convergence is approximately 68%. According to [37] , at least 8 pixels/wavelength in the highest dielectric should be used. The simulation results in the sensitivity analysis are obtained using the resolution 20 pixels/μm.
APPENDIX B: HIGHER-ORDER TRANSVERSE MODE SUPPRESSION
If needed, higher-order modes in the GARC output slab waveguide can be suppressed by tapering the slab waveguide to a ridge waveguide. Figure 19 shows the simulation of the coupling of the GARC output field into a ridge waveguide (W r 0.5μm, L ridge 4 μm) using a taper (L taper 47.34 μm, half-angle α taper 0.1 rad) to determine the coupling efficiency into only the fundamental mode of the ridge waveguide. In this case the interlayer coupling efficiency is 55%. . 19 . Waveguide taper can be added to couple the GARC output slab waveguide to a ridge waveguide. Color is scaled based on the maximum power in the simulation.
